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GLOSSARY

TERM DEFINITION
Bayer A color filter array pattern with a 4-element unit cell of 1 red, 2 green and 1
blue cells with the green cells occupying diagonally opposite corners,
invented by Bryce Bayer of Eastman Kodak.
Compand(ing) Contraction of terms "compress and expand," generally used to describe a

form of compression using look up tables. MMM decompanding tables
reduce the bit depth of images from 12 bits to 8 bits. The primary table
uses a modified square root encoding.

Focus Merge

Image source - data is a composite of up to 8 images of the same target,
acquired at different lens focus positions aligned along the camera’s
optical axis, designed to provide a “best focus” image that accommodates
changes in depth of field for a given target at a given working distance.
This is also known as a z-stack product.

Frame The MMM video command acquires individual, successive images for
which each image is a single frame
GOP Video storage - Group Of Pictures (GOP), a method of storing 1 to 16

compressed images as consecutive JPEGs in a single product

Huffman Compression

A form of data encoding where variable numbers of bits are used to
encode values based on their probability of occurrence originally described
by D.A. Huffman [Ref 8]. For image products, the differences between
adjacent pixel values are typically the values being encoded, since these
are exponentially distributed around zero for typical images.

Lossless Raster 8 bit image is losslessly encoded using first difference Huffman
compression

Luminance Non-linearly encoded light intensity

Metadata Structured data relevant or associated with contextually related data

Mini-header A 64 byte binary header prepended to the image data by the MMM camera
digital electronics assembly, that contains image parameter data

ND5 10 neutral density coating for solar imaging

PICNO "Picture Number" -- a relatively short unique identifier for each image,

intended to be used to refer to specific images in publications

Product Identifier

A numerical identifier assigned to images when they are commanded from
the ground.

Range Map

Image source - data is a composite of up to 8 images of the same target,
acquired at different lens focus positions aligned along the camera’s
optical axis, designed to provide information about linear range in
grayscale DN values which can be translated to motor count units and
distance. This is also known as a z-stack product.

Raster 8 bit

References pixel order and layout. Pixels are 8 bits in row major, column
minor order. The first byte is the first pixel that is the upper-left pixel for
the image. Pixels are aligned with the Bayer color filter pattern. Data are
companded from 12 bits to 8 bits.




TERM

DEFINITION

Raster 16 bit

References pixel order and layout. Pixels are 16 bits in row major, column
minor order. The first two bytes are the first pixel, which are the upper-left
pixel for the image. Bytes are arranged in the big-endian form where the
first byte is most significant. Pixels are aligned with the Bayer color filter
pattern.

Sensor Image source - data is acquired through the imaging sensor

Video A series of consecutive images taken at a uniform frame rate

YCbCr In general, one of a family of color spaces used to encode
R(ed)G(reen)B(lue) color information. Specifically, the color space used by
the MMM camera JPEG compressor. Y is the luminance and Cb and Cr
the blue-difference and red-difference chroma components.

Z-Stack A series of images of the same target taken at different focus positions, so

that subsequent post-processing can merge them into a single image in
optimal focus regardless of the varying distance of the target from the
camera




INTRODUCTION

1.1 Purpose and Scope

The purpose of this Data Product Software Interface Specification (SIS) is to provide consumers of
MSL instrument Experiment Data Record (EDR) and Reduced Data Record (RDR) data products with a
description of the products and how they are generated, including data sources and destinations.
Content in this document supports EDR and/or RDR data products generated by Malin Space Science
Systems (MSSS) for the following instruments aboard the Mars Science Laboratory rover, Curiosity:

a. Mast Camera (Mastcam) (two cameras)
b. Mars Hand Lens Imager (MAHLI)
c. Mars Descent Imager (MARDI)

Note: For convenience, the above instruments are hereinafter referred to as “MMM”.

This SIS is addressed to the NASA Planetary Data System (PDS) and its community of users. This is
the primary science authority for archiving planetary spacecraft data.

The EDR product delivered to the PDS and described in this document is raw but validated,
uncalibrated, and uncorrected data acquired by the MMM instruments, some of which are in
compressed format.

The RDR products delivered to the PDS and described in this document are validated, decompressed,
and calibrated image-formatted data. Four processed versions of each image are created for the PDS
delivery: 1) image-formatted, decompressed, and photometrically calibrated (16-bit/channel); 2) image-
formatted, decompressed, photometrically calibrated, and color corrected (8-bit/channel); 3) image-
formatted, decompressed, photometrically calibrated, and geometrically linearized (optical distortion
corrected) (16-bit/channel); and 4) image-formatted, decompressed, photometrically calibrated, white-
balanced, and geometrically linearized (optical distortion corrected) (8-bit/channel).

1.2 Contents

This Data Product SIS describes how the EDR data product is acquired by each MMM instrument
aboard the MSL rover and how it is processed, formatted, labeled, and uniquely identified. It similarly
describes how the image RDR data products are produced. The document describes and discusses
software used to generate the products. The EDR and RDR data product structure and organization is
described so as to enable a user to read the product. Finally, examples of EDR and RDR labels are
provided, along with the definitions of the keywords in the label.

1.3 Constraints and Applicable Documents

This SIS is meant to be consistent with the contract negotiated between the MSL Project and the MSL
Principal Investigator (Pl)-led MMM cameras. By agreement with the MMM instrument Pls, any
products generated by JPL-Caltech’s OPGS from its processing of MMM data are deliverable to the
Project only in a backup capacity and will not be archived with the Planetary Data System (PDS). This
SIS governs the specification of data products used during MSL mission operations and provided solely
by MSSS. Changes to this SIS are not subject to "impact analysis" by other software subsystems who
may be using this SIS in their efforts to support operations (e.g., APSS, OPGS, SOAS). However, this
SIS is under change control and changes must be approved by both the Pls and the Project.
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Based on the on-going changes in the nature of OPGS processing of the original MMM data and
associated spacecraft generated metadata, it is possible that label information in the form of Keywords
and Keyvalues may change during the mission. As the MMM software is very sensitive to the existence
of an ancillary, but attending, metadata file, future revisions of this SIS may be needed to accommodate
these changes. Users of MMM data should anticipate such changes in their future use.

This SIS is consistent with the following Planetary Data System documents:

roON -~

o

Planetary Science Data Dictionary Document, Version 1.81, November 24, 2010.

Planetary Science Data MSL Local Data Dictionary, Version 1.0, October 15, 2013.

Planetary Data System Archive Preparation Guide, Version 1.4, JPL D-31224, April 1, 2010.
Planetary Data System Data Standards Reference, JPL D-7669, Version 3.8, Part 2, February 27,
2009.

Mars Science Laboratory (MSL) MAHLI, MARDI, Mastcam (MMM) Science Team and NASA PDS
Imaging Node Science Data Archiving Interface Control Document (ICD), E. Jensen, Version 1.2,
June 6, 2013.

Mars Science Laboratory (MSL) Mast Camera (Mastcam), Mars Hand Lens Imager (MAHLI), and
Mars Descent Imager (MARDI) Experiment Data Record (EDR) and Reduced Data Record (RDR)
Archive Volume Software Interface Specification (SIS), M. Malin and K. Edgett, JPL D-75411, SIS-
SCI036-MSL, Version 1.1, October 29, 2013.

Mars Science Laboratory (MSL) Camera & LIBS Experiment Data Record (EDR) and Reduced
Data Record (RDR) Data Products, D. Alexander and R. Deen, JPL D-38107, Version 2.0, February
7,2013.

Additionally, this SIS makes reference to the following documents for technical background information:

8.

9.

10.

11.

12.

13.

14.

15.

A Method for the Construction of Minimum-Redundancy Codes, D. A. Huffman, Proceedings of the
I.R.E., pp 1098-1102, September 1952.

Mastcam Multispectral Imaging On The Mars Science Laboratory Rover: Wavelength Coverage
And Imaging Strategies At The Gale Crater Field Site, J. F. Bell lll et al., 43th Lunar and Planetary
Science Conference, abstract 2541, 2012.

Curiosity's Mars Hand Lens Imager (MAHLI) Investigation, K. S. Edgett et al., Space Science
Reviews, d0i:10.1007/s11214-012-9910-4, Volume 170, Issue 1-4, pp 259-317, September 2012.
Information Technology — Digital Compression and Coding of Continuous-Tone Still Images —
Requirements and Guidelines, Recommendation T.81, ITU-CCITT, September 1992.

Initial Multispectral Imaging Results From The Mars Science Laboratory Mastcam Investigation At
The Gale Crater Field Site, J. F. Bell lll et al., 44th Lunar and Planetary Science Conference,
abstract 1417, 2013.

Introduction to Modern Photogrammetry, E. M. Mikhail, J. S. Bethel, and J. D. McGlone, John Wiley
& Sons Inc., New York, 2001.

CAHVOR Camera Model and Its Photogrammetric Conversion for Planetary Applications, K. Di and
R. Li, J. Geophys. Res.,109, E04004, doi:10.1029/2003JE002199, 2004.

High-Quality Linear Interpolation For Demosaicing Of Bayer-Patterned Color Images, H. S. Malvar,
L. He, and R. Cutler, Proceedings of the IEEE International Conference on Acoustics, Speech, and
Signal Processing, May 2004.

12



2. INSTRUMENT OVERVIEW

The MMM cameras represent 4 cameras out of a payload complement of 17 cameras. The MMM
instruments are color cameras, including integral Bayer RGB color filter arrays on the photo-sensitive
1608 columns (samples) by 1200 rows (lines) Kodak interline-transfer Charge Coupled Device (CCD)
detectors. The MMM cameras consist of identical camera head electronics with different optics, and 4
identical Digital Electronics Assemblies (DEA) that control the camera image acquisitions and
processing. The Mastcam camera heads are attached to the Remote Sensing Mast (RSM), the MAHLI
is located on the Turret at the end of the Robotic Arm (RA), and the MARDI is fix-body-mounted to the
forward port (front left) side of the body of the rover (see Figure 2.1-1).

i .y

Figure 2.1-1 Mastcam, MAHLI, and MARDI camera mounting locations on the Mars Science
Laboratory
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2.1 MMM Camera Instrument Suite

211 Mast Camera (Mastcam)

The Mast Camera (Mastcam) consists of two focusable, color cameras mounted on the rover’'s Remote
Sensing Mast (RSM). The two cameras have different focal lengths and science filters. The instrument
acquires images of up to 1200 lines by 1648 samples (1200 by 1608 photoactive pixels), and are
capable of consecutive images taken at a uniform frame rate (termed video). The cameras acquire
color via Bayer-pattern filters on the CCD, but also have selectable science filters that image through
the Bayer-pattern filters. Characteristics of the Mastcam optics useful in the analysis of EDR and RDR
products are described in Table 2.1-1 below:

Table 2.1-1 Mastcam Operational Characteristics

Characteristic M-34 (Left) M-100 (Right)
Field of View (FOV)
Note detectors have 4:3 aspect ratio, 15 x 20 deg 5.1x6.8 deg
that permits slightly wider frames
Baseline Stereo Separation 24.5cm
Spatial Scale 450 ym/pixel at 2 m, 150 ym/pixel at 2 m,
22 cm/pixel at 1 km 7.4 cm/pixel at 1 km
distance distance
Angular Instantaneous FOV 0.22 mrad/pixel 0.074 mrad/pixel
Focal Length 34 mm 100 mm
fi/number 8 10
Focus Range .5 m - infinity 1.6 m - infinity
Number of Spectral Filters 7 plus Bayer pattern 7 plus Bayer pattern

Each Mastcam camera has an 8-position filter wheel for a total of 16 filter positions. One of the
positions in each camera is a broadband infrared cutoff filter for use with the Bayer color capability of
the CCD. Twelve of the sixteen filter positions provide color-imaging capability at wavelengths from 400
to 1100 nm, including 3 filters shared by each camera. Additionally, 2 filters (one on each camera that
differ in wavelength from each other) with neutral density coatings provide direct solar imaging
capability in two colors. Table 2.1-2 provides a summary of the as-built system-level (CCD + optics +
filter) effective wavelengths (Aex) and half-width at half-maximum bandwidths (HWHM) of the Mastcam
filters [Ref 9]; the spectral bandwidths do not represent the sensitivity of the detector or solar spectrum.

14



Table 2.1-2 Mastcam Filter Wavelengths and Bandpasses

M-34 (Left) M-100 (Right)
Filter et £ HWHM (nm) Filter Aeit £ HWHM (nm)
Lo 590 + 88 RO 575+ 90
LOR 640 + 44 ROR 638 + 44
LOG 554 + 38 ROG 551 + 39
LOB 495 + 37 ROB 493 + 38
L1 527 +7 R1 527 +7
L2 445+ 10 R2 447 £ 10
L3 751 £10 R3 805 + 10
L4 676 £ 10 R4 908 + 11
L5 867 £ 10 R5 937 £ 11
L6 1012 + 21 R6 1013 + 21
L7 880 + 10, ND5 R7 440 + 20, ND5

Note: ND5 = 10° Neutral Density coating for solar imaging

21.2 Mars Hand Lens Imager (MAHLI)

The Mars Hand Lens Imager (MAHLI) is a focusable color camera located on the Turret at the end of
the MSL robotic arm. The instrument acquires images of up to 1200 lines by 1648 samples (1200 by
1608 photoactive pixels), with color quality equivalent to that of consumer digital cameras using a Bayer
pattern filter array integrated with the CCD detector. It is also capable of very low frame-rate video
compared to Mastcam. Characteristics of the MAHLI optics useful in the analysis of EDR and RDR
products are described in Table 2.1-3 below. The MAHLI investigation was further described in an
Open Access paper by Edgett et al. 2012 [Ref 10].

Table 2.1-3 MAHLI Operational Characteristics

Characteristic Value
Field of View (FOV) 34.0 — 38.5 deg diagonal
Spatial Scale 15 um/pixel at 23 mm distance
Spectral Bandpass 395 -670 nm
Focal Length 18.3-21.3 mm
fi/number 9.8-8.5
Depth of Field 1 mm
Focus Range 21 mm - infinity
Number of Spectral Filters Bayer pattern on CCD

21.3 Mars Descent Imager (MARDI)

The Mars Descent Imager (MARDI) is a fixed-focus color camera fixed-body-mounted to the fore-port-

side of the MSL rover, with the optics level with the bottom of the rover chassis (a height of about 66 cm

above ground). The optical axis points in the +Z direction (toward the ground in the Rover Nav

coordinate system). Operating during Curiosity’s descent to the martian surface, the camera acquired
15



1200 by 1648 pixel images (1200 by 1608 photoactive pixels) at ~4 frames per second throughout the
period between heatshield separation and touchdown plus a few minutes. It has also been operated on
the surface. Characteristics of the MARDI optics useful in the analysis of EDR and RDR products are

described in Table 2.1-4 below:

Table 2.1-4 MARDI Operational Characteristics

Characteristic Value
Field of View (FOV) 70 by 55 deg
Spatial Scale 1.5 m at 2 km distance -
1.5 mm at 2m distance
Angular Instantaneous FOV 0.76 mrad/pixel
Spectral Bandpass FWHM 395 to 670 nm
Focal Length 9.6 mm
Depth of Field 2 m - infinity
Number of Spectral Filters Bayer RGB pattern on CCD

16



3. GENERAL DATA PRODUCT OVERVIEW

3.1 Data Processing Levels

This documentation recognizes both the National Aeronautics and Space Administration
(NASA) data processing scheme and the “Committee on Data Management and Computation”
(CODMAC) data level numbering system. The MMM instrument PDS EDRs described in this
document are “NASA Level 0" (CODMAC — Edited Level 2).

MMM instrument RDRs are considered to be no less than "NASA Level 1B" (CODMAC
Resampled Level 4%) (irreversibly transformed and/or calibrated). The RDRs are reconstructed
from the PDS EDR product, and may include frequency-domain processing prior to assembly
into spatial-domain images that will then experience radiometric and/or geometric corrections.

Table 3.1-1 presents a breakdown of the CODMAC and NASA data processing levels.

Table 3.1-1 Processing Levels for Science Data Sets

NASA CODMAC Description

Packet data Raw - Level 1 Telemetry data stream as received at the ground station, with
science and engineering data embedded.

Level O Edited - Level 2 Instrument science data (e.g., raw voltages, counts) at full
resolution, time ordered, with duplicates and transmission errors
removed.

Level 1A Calibrated - Level 3 Level 0 data that have been located in space and may have been

transformed (e.g., calibrated, rearranged) in a reversible manner
and packaged with needed ancillary and auxiliary data (e.g.,
radiances with the calibration equations applied).

Level 1B Resampled - Level 4 Irreversibly transformed (e.g., resampled, remapped, calibrated)
values of the instrument measurements (e.g., radiances, magnetic
field strength).

Level 1C Derived - Level 5 Level 1A or 1B data that have been resampled and mapped onto
uniform space-time grids. The data are calibrated (i.e.,
radiometrically corrected) and may have additional corrections
applied (e.g., terrain correction).

Level 2 Derived - Level 5 Geophysical parameters, generally derived from Level 1 data, and
located in space and time commensurate with instrument location,
pointing, and sampling.

Level 3 Derived - Level 5 Geophysical parameters mapped onto uniform space-time grids.
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3.2 Product Label and Header Descriptions

3.2.1 Overview of Labels
Labels are in ODL (Object Description Language) label format for EDR and RDR files.

The primary label in the NASA PDS archive is the PDS version 3 detached label. This is a
separate file with the same base name as the image file, with an “.LBL” extension. Per PDS
standards, the detached label file references the image with a pointer statement (described
below). This label is fully compliant with PDS archive standards.

3.2.2 PDS and ODL Labels

MMM image PDS EDRs and RDRs have detached labels. Per PDS standards, the PDS label
starts with the entry:

PDS_VERSION_ID = PDS3

A PDS label is object-oriented and describes the objects in the data file. The PDS label contains
keywords for product identification. The label also contains descriptive information needed to
interpret or process the data in the file.

PDS labels are written in Object Description Language (ODL) [Ref 4]. PDS label statements
have the form of "keyword = value". Each label statement is terminated with a return character
(ASCII 13) and a line feed character (ASCII 10) sequence to allow the label to be read by many
operating systems. Pointer statements with the following format are used to indicate the location
of data objects in the file:

Aobject = location

where the carat character (#, also called a pointer) is followed by the name of the specific data
object. The location is the 1-based starting record number for the data object within the file.
Alternatively, it could be the 1-based byte location within the file if it includes a <bytes> unit tag.
The PDS detached label includes the filename as part of the pointer:

Aobject = (filename, location)

Pointers are used to define the locations of the image itself ("IMAGE).

3.2.2.1 Keyword Length Limits

All PDS keywords are limited to 30 characters in length [section 12.7.3 in Ref 4]. Therefore,
software that reads MSL PDS labels must be able to ingest keywords up to 30 characters in
length.

3.2.2.2 Data Type Restrictions
12-bit unsigned data from the cameras are stored in a 16-bit unsigned value. 8-bit data are
unsigned.
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3.2.2.3 Interpretation of N/A, UNK, and NULL

During the compilation of data product labels or catalog files, one or more values may not be
available for some set of required data elements. In this case PDS provides the symbolic literals
“N/A”, “UNK”, and “NULL”", each of which is appropriate under different circumstances.

As a note, if any one of these three symbolic annotations are used in place of a keyword value
that is normally followed by a Unit Tag (e.g., “<value>"), the Unit Tag is removed from the label.

*  “N/A” (“Not Applicable”) indicates that the values within the domain of this data element
are not applicable in this instance. For example, a data set catalog file describing NAIF
SPK kernels would contain the line:

INSTRUMENT_ID = "N/A"
because this data set is not associated with a particular instrument.

“N/A” may be used as needed for data elements of any type (e.g., text, date, numeric,
etc.).

*  “UNK” (“Unknown”) indicates that the value for the data element is not known and never
will be. For example, in a data set comprising a series of images, each taken with a
different filter, one of the labels might contain the line:

FILTER_NAME = "UNK"

if the observing log recording the filter name was lost or destroyed and the name of the
filter is not otherwise recoverable.

“UNK” may be used as needed for data elements of any type.

* “NULL” is used to flag values that are temporarily unknown. It indicates that the data
preparer recognizes that a specific value should be applied, but that the true value was
not readily available at the time of compilation. “NULL” is a placeholder. For example,
the line:

DATA_SET_RELEASE_DATE = "NULL"

might be used in a data set catalog file during the development and review process to
indicate that the release date has not yet been determined.

“‘NULL” may be used as needed for data elements of any type.

Note that all “NULL” indicators should be replaced by their actual values prior to final
archiving of the associated data.

3.2.2.4 PDS Label Constructs “Class”, “Object” and “Group”

The PDS has designed a set of formal and informal constructs for labeling data products. In the
PDS vernacular, “formal” implies a standardized design or set of rules that provides a protocol
across multiple data products (e.g., multiple flight missions) for PDS validation tools, and
involves a rigorous approval process. “Informal” implies a less rigorous process by which the
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construct meets PDS approval. For both formal and informal constructs, the PDS keywords
must be defined in the Planetary Science Data Dictionary (PSDD) [Ref 1]. In the MMM Camera
EDRs and RDRs, the PDS Label includes the following “formal” and “informal” constructs:

. Class - The Class construct is informal and resides in a PDS label as a
grouping of keywords that are thematically tied together. Classes are usually
preceded by a label comment, although it is not required. PDS label comments
are character strings bounded by “/* */” characters.

In the MMM Camera PDS label, a Class of keywords is preceded by a
comment string as follows:

/¥ comment string */

keyword = keyword value
keyword = keyword value
. Object - The Object construct is formal and is a set of standard keywords used

for a particular data product. In the PSDD, each Object definition lists the
elements required to be present each time the Object is used in a product
label. The PSDD also provides a list of additional, optional keywords that are
frequently used in the Object. Any element defined in the PSDD may be
included as an optional element in any Object definition, at the discretion of the
data preparer.

In the MSL Camera PDS/ODL label, an Object’s set of keywords is specified as

follows:
OBJECT = Object identifier
16 keyword = keyword value
17 keyword = keyword value
END_OBJECT = Object identifier
. Group - The Group construct can be either a formal or informal grouping of

keywords that are not components of a larger Object. Group keywords may
reside in more than one Group within the label.

The Group construct is further described in section 12.4.5 of the PDS
Standards Reference [Ref 4], "Object Description Language Specification and
Usage: GROUP Statement".

In the MSL Camera PDS/ODL label, a Group’s set of keywords is specified as

follows:
GROUP = Group identifier
18 keyword = keyword value
19 keyword = keyword value
END_GROUP = Group identifier

3.2.2.5 PDS Image Object
An IMAGE object is a one or three-band sequential array(s), all of the same bit or byte format,
each of which is referred to as a sample. IMAGE objects are normally processed with special
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display tools to produce a visual representation of the samples by assigning brightness levels or
display colors to the values. An IMAGE consists of a series of lines, each containing the same
number of samples.

The required IMAGE keywords define the parameters for simple IMAGE objects:

* LINES is the number of lines in the image.

* LINE_SAMPLES is the number of samples in each line.

* SAMPLE_BITS is the number of bits in each individual sample.
* SAMPLE_TYPE defines the sample data type.

MMM IMAGE objects have additional keywords that indicate whether the data were received
from the spacecraft (or stand-alone instrument during ground testing) in compressed form. This
will be the case for instrument-compressed JPEG and lossless formats. These forms are
described under Binary Data Storage Conventions. All EDR archived data are stored
unmodified and as they were created by the instrument in their original compressed format.
Compression keywords are:

* INST_CMPRS_MODE is the method used for on-board compression of data (1,2,3)

* INST_CMPRS_NAME is the type of on-board compression to use for data storage and
transmission (1 = PREDICTIVE LOSSLESS BAYER HUFFMAN ENCODING, 2 = RAW
RASTER, and 3 = JPEG DISCRETE COSINE TRANSFORM (DCT))

The IMAGE object has a number of keywords relating to image statistics. These keywords are
presentin all EDRs. In RDRs, they are optionally populated. The statistics keywords are:

* MEAN

* MEDIAN

* MAXIMUM

e  MINIMUM

» STANDARD_DEVIATION
« CHECKSUM

Many variations on the basic IMAGE object are possible with the addition of optional keywords
and/or objects. The ““IMAGE” keyword identifies the start of the image. Recommended image
formats are described and illustrated in Reference 4.

3.3 Binary Data Storage Conventions

MMM camera image EDR and RDR data are stored as binary data. For the image EDRs, the
data formats include 8-bit integers stored in an unsigned byte, as well as 12-bit integers stored
in unsigned 16-bit integers.

3.3.1 Bit and Byte Ordering

The ordering of bits and bytes is only significant for pixel and binary header data; all other
labeling information is in ASCII.
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For non-byte image data, which includes 8-bit unsigned shorts, 16-bit signed shorts, 32-bit
signed integers, and 32- and 64-bit IEEE floating-point numbers, the data may be stored in
either Most Significant Byte (MSB) first ("big-endian", as used by e.g. Sun computers and Java),
or Least Significant Byte (LSB) first ("little-endian", as used by e.g. Linux and Windows
computers). This follows PDS file format conventions.

For PDS labels, the SAMPLE_TYPE keyword in the IMAGE object defines which ordering is
used in the file.

Both file formats specify that bit 0 is the least significant bit of a byte.

The binary headers for MMM instruments are of varying data types, as described in their
OBJECT definitions. However, they are always in MSB or “big-endian” format.

Table 3.3-1 MSL Image EDR/RDR Bit Ordering

Address MSB-first LSB-first
n most significant byte least significant byte
n+1 next next
n+2 next next
n+3 least significant byte most significant byte

3.4 File Naming Convention

The MMM file naming convention is composed of 10 fields which uniquely identify the product.

The following diagram and table describes the MMM Image ID (filename) and its parametric
coding:
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Table 3.4-1 Image ID or PICNO

g
b
5 ¢ /&
§/2 /8 s 5/8 §
I8 ole ¢)8 5|8 FIF &
s 5/8 518 §/8 &/8 §/8 ¢
» S/ 0/C /0 /¥/g q/a &
Characters | 4 2 9 2 5 1 1 1 1 4 1 3
Position | 1-4 | 5-6 |7-1516-17118-22| 23 | 24 | 25 | 26 (27-30| 31 32-34
Field Description Values
Sol 4 digit numeric value for 0000- Sol on Mars
Mars sol or 4 character 9999
name of ground testing DEV_ Development (instrument
phase assembly)
TVC_ Thermal/Vac (instrument stand-
alone)
CAL_ Calibration (instrument stand-
alone)
DEL_ Delivery (instrument delivery to
JPL-Caltech)
ATL ATLO (JPL and KSC venues)
CRU_ Cruise
Instrument Abbreviated name of ML Mastcam Left (34 mm)
MMM instrument MR Mastcam Right (100 mm)
MH MAHLI
MD MARDI
Product Identifier | 9 digit numeric image Described below this table

identifier

CDPID Counter Counter for CDPID repeat | 00-99 Number of times a CDPID for this
use instrument has been used (product
erasures in NVM will re-use a
CDPID). This is a single natural
number starting at 1.
CDPID Camera Data Product numeric This value is uniquely assigned by
Identifier the camera to an image product. It
is a numeric handle within NVM.
Compression variations or
thumbnails will share the same
CDPID. This is a single natural
number starting at 1.
Product Type Product type identifier A Raster 16 bit image
based on all possible B Raster 8 bit image
source products that may C Losslessly compressed raster 8 bit
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be generated by MMM

image

instruments D JPEG grayscale image
E JPEG 422 image
F JPEG 444 image
G Raster 8 bit thumbnail
H JPEG grayscale thumbnail
I JPEG 444 thumbnail
J Raster 8 bit video
K Losslessly compressed raster 8 bit
video
L JPEG grayscale video
M JPEG 422 video
N JPEG 444 video
@) Raster 8 bit video thumbnail
P JPEG grayscale video thumbnail
Q JPEG 444 video thumbnail
R JPEG 444 focus merge image
S JPEG grayscale range map image
T JPEG 444 focus merge thumbnail
U JPEG grayscale range map thumbnail
GOP Counter Index of image within a 0-9, | Hexadecimal value,
GOP A-F | 0 for non-GOP products
Version Value used to identify 0-9, | Versions start at 0 (indicating original
multiple versions of a A-Z | image as stored on-board within each
product. Versions may be camera). For each image received,
different compressions or increment by 1. Versions are unique for
duplicates for the same each CDPID Counter and CDPID.
camera product.
Separator Underscore _
Processing code | Codes to indicate ground D | Decompressed
processing performed on C | Color corrected or contrast stretched
the camera product. No R | Radiometrically calibrated
processing (EDR) is L | Linearized
indicated by all fill X Fill character
characters (XXXX)
Separator Period .
File Extension File content identifier DAT | Original camera data product
LBL | Label file for .DAT or .IMG files
IMG | Binary image data

Note: unless otherwise specified, products are 8 bits per band.
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3.4.1 PICNO and Product Identifier

The following is an example of what each character in the PICNO name maps to:
SSSSIIFFFFFFLLLXXCCCCCPGV_XXXX.ZZZ

S: sol - 4 digits

I: instrument - 2 letters

F: full seqid - 6 digits (sequence ID with additional digits for future seqid lengths, from tracking
ID)

L: seq line - 3 digits (command number in sequence, from tracking ID)

X: CDPID counter - 2 digits (number of times this CDPID has been used over the lifetime of a
mission)

C: complete CDPID - 5 digits

P: product type - 1 letter

G: GOP counter - 1 letter (0-9,A-F for GOP frame 0-15)

V: version - 1 digit

XXXX: processing code (can be XXXX, DRXX, DRCX, DRLX, or DRCL)

Z77: file extension (can be DAT, IMG, LBL)

Part of the PICNO, FFFFFFLLL, is also known as the Product Identifier, or a numerical identifier
assigned to images when they are commanded from the ground. Depending on how the image
was commanded, this number contains values related to the sequence used to command the
image.

The product identifier is useful to group images commanded with the same imaging sequence
such as for a panorama, video, or multi-spectral observations.

For example, take a command sequence named mhli01234 containing 3 imaging commands:
these images will respectively be assigned the resulting product identifier, in Table 3.4-2 below.

Table 3.4-2 Product Identifier example

Product Identifier
Sol Instrument Sequence | Sequence Line CDPID CDPID PICNO through CDPID
ID (Command counter (SSSSIIFFFFFFLLLXXCCCCC)
Number)
(4 digits) | (2 characters) | (6 digits) (3 digits) (2 digits) | (5 digits) (16 digits)
0100 MH 001234 000 01 00560 0100MH0012340000100560
0100 MH 001234 001 01 00561 0100MH0012340010100561
0100 MH 001234 002 01 00562 0100MH0012340020100562

Exceptions to this scheme include the MARDI EDL sequence which uses 000000000. Images
without ground-assigned Product Identifiers use 999999999. For ground test images that were
not commanded through a flight system, this number is sequential only.

In addition, PRE_ATLO (which includes the camera development phase (DEV_), stand-alone
(instrument) thermal vacuum testing (TVC_), stand-alone (instrument) calibration (CAL_), and
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delivery (DEL_)), ATLO, and Cruise data sets have a similarly structured PICNO with some
minor differences. For further information and examples, see Appendix F: Image ID (PICNO)
naming scheme for Cruise data for Mastcam, MAHLI, and MARDI and Appendix G: Image ID
(PICNO) naming scheme for PRE_ATLO and ATLO data for MAHLI only.

3.5 Summary of Data Products

This section provides a brief summary of the data types delivered to the NASA Planetary Data
System (PDS). Much of the remainder of this document describes these products in detail.

3.5.1 PDS EDR

The PDS agreed to accept MMM camera data in their original compressed format. Software is
provided to decompress the data, and the process of extracting the original data from the
downlink format is described. As noted in the following major section, there are 21 data types
that can be wrapped into the original data format that are transferred from the cameras. Some
of these are compressed without loss, some are transferred in lossy format, some are full-scale
and others subscale (the only subscaling is by a factor of 8, used to produce thumbnail images).
Each EDR data file includes the original camera data as formatted by the camera and the
camera mini-header generated by the camera, prepended to the raw data. The camera mini-
header can easily be stripped off the data file, but information is provided in this SIS to permit it
to be decoded. The header information is provided as a standalone ASCII label file in compliant
PDS format as described in Section 3.2.

3.5.2 PDS RDR

The PDS also requested RDR products in image format. These are generated from validated
data and are processed in the following ways:

» decompressed and radiometrically calibrated (16-bits per band),

* decompressed, radiometrically calibrated, and color corrected and contrast enhanced (8-
bits per band),

» decompressed, radiometrically calibrated, and geometrically linearized (16-bits per
band),

* decompressed, radiometrically calibrated, color corrected and contast enhanced, and
geometrically linearized (8-bits per band).

Radiometric calibration can include processing, either in the frequency domain (for JPEG
products) or in the spatial domain (for data either transmitted losslessly and all data after
decompression) as follows: 8-to-12-bit expansion, dark correction, shutter smear adjustment,
bad pixel adjustment, flat fielding, and color correction (Section 5.1.2.12). Geometric
linearization is the process of correcting for the optical distortion of the lens by spatial
resampling. Linearization is the prerequisite for performing geometric processing for mosaicing
or stereo-processing, which are not delivered as archive products. The header information is
provided as a standalone ASCII label file in compliant PDS format as described in Section 3.2.
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4. PRODUCT SPECIFICATION

The MMM instrument EDRs and RDRs described in this document are generated by Malin
Space Science Systems.

The EDRs consist of unprocessed experiment data stored in original binary format. Data
archived with the PDS are the fundamental telemetry data from the instrument. The EDRs are
generated from “raw” uncalibrated data within an automated pipeline process managed by
MSSS.

4.1 Processing Flow

Prior to entering the MSSS data processing pipeline, the effort begins with reconstruction of the
packetized telemetry data resident on the Telemetry Data Subsystem (TDS), by the Mission
data Processing and Control Subsystem (MPCS) into a binary “.dat” data product and
associated “.emd” Earth metadata file. The data product and metadata are written by MPCS to
the Operations Data Store (ODS) and messages are generated on a Java Message Server
(JMS) bus. By MSL Project design, the as-received MMM instrument data are then retrieved
from the ODS by a process managed by MIPL under OPGS, and placed in the File Exchange
Interface (FEI) directory system. Upon FEI notification, the MMM data are transferred to MSSS
by FEI subscription, where they are ingested by the MMM data pipeline. The data flow is
illustrated in Figure 4.1-1.

. PDS-EDR
/ PDS EDR/RDR Processing Flow Products \

Two files: one of

original formatted

.| “.datBinary data (.DAT) and a
Data Product second of a
. detached PDS
Packetized
“.dat Binary
“ amd” Earth Data Product PDS-RDR

> Metadata and “.Ibl” meta- Pr(_)ducts
data label Two 8-bit & two 16-

bit/channel image

Formatted versions

of 21 different types
of images (.IMG

files) with detached
labels (.LBL ﬁlesy

Figure 4.1-1: PDS EDR/RDR Data Flow where “Tactical Flow” is processing preformed in
‘near real-time’ in support of tactical mission operations, and the “Non-Tactical Flow” is
processing performed on longer timescales.

The PDS EDR consists of data in the form received from the instrument. Although there is only
one EDR file type, there are 3 encoding forms these data can take within the raw .dat file: raw,
losslessly compressed, and JPEG compressed, and their sizes and bit depth vary as a function
of type and original image size. These file formats can be expanded using software provided by
MSSS to the PDS into 21 different spatial-domain image types, described in Section 4.4.2.
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4.2 Product Validation

Validation of the PDS EDRs and RDRs falls into two primary categories: automated and
manual. Automated validation is performed on every product. Manual validation is only
performed on a sub-set.

Automated validation is performed as a part of the archiving process simultaneously with the
archive volume validation. Validation operations include:

1. validation of the PDS syntax of the label,

2. a check of the label values against the database and against the index tables included on
the archive volume, and

3. checks for internal consistency of the label items.

The internal-consistency checks include such things as verifying that the product creation date
is later than the Earth received time, and comparing the geometry pointing information with the
specified target. If problems are discovered and/or new possibilities identified for automated
verification, they will be added to the validation procedure.

Manual validation of the images is performed by MMM team members both as spot-checking of
data throughout the duration of the mission, and comprehensive validation of a sub-set of the
data (for example, a few Sol's worth of data). Validation in this case includes, but is not limited
to:

1. inspection of the image or other data object for errors (e.g., missing lines, corrupted image
blocks, etc.) not specified in the label parameters,

2. verification that the target shown and the apparent geometry match that specified in the
labels,

3. verification that the product is viewable using the specified software tools (see Section 5.2),
and

4. a general check for any problems that might not have been anticipated in the automated
validation procedure.

4.3 Product Structure

This section specifies the EDR and RDR structures, taking into account the concept of product
labels and the product’'s binary content described previously in Sections 3.2 and 3.3,
respectively. There are two types of products: a raw instrument EDR file with a detached PDS
label, designated the PDS EDR, and an image-formatted RDR file with a detached PDS label,
designated the PDS RDR.
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4.3.1 MMM Camera Suite Products

The data records for all of the MMM products have the following structures:

PDS Archive EDR
1) A detached label of validated parameters in PDS (ASCII) format, in a separate file.
2) The original camera data as created by the instrument (may be in a variety of forms,
described later in this section).

PDS Archive RDR
1) A detached label of validated parameters in PDS (ASCII) format, in a separate file.
2) An n by m array of binary image data with the origin at the upper left pixel in line (row) 1,
sample (column) 1. The product forms for PDS RDRs are further described in Section
4.5.2. Note that some camera RDR products will be sub-framed so that the origin is not

(1,1).

4.3.2 Data Packing

All MMM data products are transmitted from an MMM instrument to the rover RCE and then to
the Ground Data System (GDS). Each step in this transfer adds one or more layers of
metadata. The formats described below are for the instrument data packet only. This packet is
identified as a “Science Data Frame” and is indicated in the .emd and .lbl label files by a byte
offset into the corresponding .dat file. All indices below reference from this offset unless
otherwise indicated. Images generated by Ground Support Equipment (GSE) during instrument
testing and calibration are stored in .dat files without additional metadata. In this case, the byte
offset to the Science Data Frame can be assumed to be 0. The Science Data Frame contains
both a camera-generated "mini-header" and the science data themselves. These are both
described below.

4.4 MMM Product Types and Format

The MMM products are formatted according to this SIS, following the general terms of labeling
and bit ordering previously discussed in Sections 3.2 and 3.3, respectively. This section details
the specifics of a variety of formats across all image files. The raw EDR format, and the 21
spatial-domain image formats that can be extracted therefrom, are listed in Table 4.4-1 and
discussed subsequently in this section.

Not including sub-framing, the MMM cameras can acquire a variety of image data formats, and
accomplish this by internal processing. The cameras always acquire raw 12-bit data, but only
under very limited circumstances are these data downlinked to Earth. Normally, the 12-bit raw
data will be converted from 12-to-8-bits through the use of a variety of companding
(compress/expand) lookup tables; the most used table is a modified square-root encoding
scheme that allocates additional values to low DNs. These companded 8-bit images can then
be processed either immediately, and stored into each camera's 8-Gbyte buffer, or they can be
stored unprocessed in the buffer, and then later processed in response to downlink commands.
It is this flexibility that leads to the complexities of the raw data format and its description.

In addition to the 12-to-8-bit companding, onboard processing includes the following
capabilities: Bayer pattern interpolation, lossless compression (Huffman), JPEG compression,
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video processing, focus merging, and range mapping of focused merged products. (For more
information on focus stack acquisition and merge products, see
MASTCAM_MAHLI_FOCUS_MERGE_PRODUCTS.PDF in the {MSLMST_*,
MSLMHL_*}/DOCUMENT/ directory.) Except for thumbnails (discussed next), the cameras do
not support sub-sampling or resampling, but do support sub-framing prior to image acquisition
(i.e., sub-frames are commanded at the outset, not extracted from acquired full-frames).

Thumbnails are generated by creating a scratch JPEG image and extracting the lowest-order
coefficients of the discrete cosine transform 8x8 pixel compression block, or minimum
compression unit (MCU), which is essentially the average of the 8x8 spatial domain MCU.
These coefficients are then assembled in to an 1/8" sized image, and can then be JPEG
compressed. The extraction of these coefficients is the only way MMM images can be sub-
sampled.

441 MMM Camera Instrument Suite

In this SIS, we do not distinguish between the products contained within the raw camera data
records and the image files produced by appropriate processing of these camera data records.
For example, although a PDS EDR consists of a single format camera data record, that EDR
can contain one of 21 different types of image file, including full-frame or thumbnail, single band
(8 or 16-bits) or multiple band (8-bits per band), and in raw, lossless or JPEG compressed form.
These forms are converted to image format for delivery to the PDS as EDRs without further
processing. The RDRs are image-formatted files derived from the 21 types that the raw EDR
can contain.

442 Data Record Content

Image formatted data constituting the EDRs and RDRs are derived from three forms of binary
data acquired by the cameras (Image, Video, and Zstack). As noted in the definitions above,
images may be generated by the sensor itself, or computed within the DEA; images computed
onboard may be thumbnails, focus merged, or range mapped products.

Table 4.4-1 enumerates the product types that can be generated by the MMM instruments, and
the types used as the source of the imaging or algorithm processes. The products are contained
within the raw camera data record and produced in image format as PDS EDRs and RDRs.

Table 4.4-2 describes how these product types are created from the imaging commands or
image processing algorithms.
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Table 4.4-1 Product Types Generated by MMM Cameras
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Table 4.4-2 Product Type Source
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« " JPEG 422 images compressed as JPEG 444 for thumbnails have the chrominance

channels replicated.

* Both the Focus Merge and Range Map images are generated via instrument command

and then transmitted in a JPEG compressed form.

* Video thumbnails are generated one per frame if commanded.
*  Thumbnails for JPEG compressed GOP video yield a thumbnail for only the first image

in the group.
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443

MMM Mini-Header

The "mini-header" appears as the first 64 bytes of each transmitted raw data product, and the
first 64 bytes of the PDS EDR. The mini-header does not appear in the image formatted
products. This header provides enough information to decompress and use the data product.
All image Science Data Frames generated by MMM instruments begin with the 64-byte MMM
mini-header. Image data immediately follow this header.

Table 4.4-3 MMM Mini-header

Field Word (Size (bits) |Description Values
product_id 0 32 ;?c':;irft ?;S'(QC”SSID) 1 to 60416
Bit pattern that helps
magic0 1 32 to identify product OxFFOOFOCA
boundaries
instrument SCLK
sclk 2 32 value of start of this |integer
image acquisition
cmd[0] 3 16 vlush vertical register flush
count
4 undefined
4 CCD state Table 4.4-4
1 led 1 0 off, 1 on
1 led 2 0 off, 1 on
1 led 3 0 off, 1 on
1 video exposure 0 off, 1 on
1 clkdiv2 Table 4.4-4
1 long integration mode |0 off, 1 on
1 test mode 0 off, 1 on
1 clkdivi Table 4.4-4
cmd[1] 4 8 commanded filter 0 to 7 - filter index
0 to 8388
OxFFFFFF means to use
24 exposure in ms * 10 [the previous exposure
time (per filter for
Mastcam)
cmd[2] 5 8 ox = 8 starting column for
sub-frame
3 sy + 8 starting row for sub-
frame
s e s, 0 wam [ TRl s o
is 1648 . !
original image
. . . if thumbnail, size of
8 height = 8, if 0, thumbnail = 8, not

height is 1200

original image
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Image, Video

auto focus initial

focus motor position
Ox7fff means to use the

15 . current position minus
clinelle] Rost e (step size x number of
steps)+2
10 auto focus step size [FOBUE MEEERIET
counts
auto focus number of |.
6 integer
steps
1 (on) means to store
1 auto focus zstack intermediate focus
on/off images as separate
products
Image, Video 8 auto exposure target DN as companding with
cmd[4] DN linear8 mode
percentage of pixels
8 auto exposure fractionlallowed over maximum
DN
8 auto exposure early [‘early termination
termination percentage”
auto exposure maximum number of
8 . .
number of steps iterations
Zstack cmd[3] 32 starting CDPID for |, 1, 60416
merge
Zstack cmd[4] 8 sta'ck ST (OTDET 1to8
of images to merge)
22 undefined
1 image blending 0 off, 1 on
1 intr'a—sta'ck image 0 off, 1 on
registration
cmd[5] 8 A UNUSED
8 B UNUSED
0 means grayscale
JPEG
0 with compression
quality=0 means
8 C - color mode lossless no compression
1 means JPEG 422
2 means JPEG 444
OxFF means Predictive
lossless compression
8 guali‘ilmpress'on JPEG quality 1 to 100
cmd[6] 8 E UNUSED
8 F UNUSED
8 G UNUSED
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Companding table 0 to

8 H - companding 32
mode OxFF means 16 bit
calibration mode

camera status |10 1 undefined

1 UV LED 0 off, 1 on

1 Visl LED 0 off, 1 on

1 Vis2 LED 0 off, 1 on

1 undefined

1 hall sensor state for 0 off, 1 on

Mastcam filter

hall sensor state for
1 MAHLI cover 0 off, 1 on

1 hall sensor sta_1te for 0 off, 1 on
focus mechanism

Serial No. 24 DEA serial number integer

Mech(1) 11 32 focus motor position |integer

Mech(2) 12 16 unused (was zoom)

Mech(3) 16 filter motor position [filter index * 294
DC offset 13 32 DC offset integer

Initially-allocated size
of data product (for
Init_Size 14 32 compressed data, bytes
may not match actual
size.)

Bit pattern that helps
magic(1) 15 32 to identify product 0x1010CC28
boundaries

Note: The purple and blue shading indicate that Words 6 and 7 are re-used depending on if it is
an Image, Video, or Z-stack.

Table 4.4-4 Decoding CCD state and clkdiv1/2

CCD State

clkdiv1 clkdiv2

20 MHz invalid invalid
invalid invalid invalid
5 MHz 3.33 MHz 2.5 MHz
10 MHz invalid invalid

For thumbnail products, the mini-header is a copy of the original source product header, with the
dimensions and compression adjusted appropriately. The high bit of the product ID is set only if
the file is a thumbnail. (Note that for raw thumbnails the dimensions may not be encodable as
multiples of 8, so the closest multiple of 8 is given as the dimension. For example, a 1200x1200
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image’s thumbnail is 150x150, but 150 is not a multiple of 8, since 150/8 is 18.75. Therefore,
the thumbnail dimensions are truncated to the nearest integer value of 8; in the case of 150, that
is 18). For thumbnails created from raw products, the Init_Size parameter in the thumbnail mini-
header is the size (in bytes) of the intermediate JPEG image used to create the thumbnail.

4.4.4 Compression Parameter

The compression parameter (cmd[5] and cmd[6] in the Mini-Header) can be visualized as 8
bytes ABCDEFGH from MSB to LSB, with the bytes having the following meanings:

A, B, and EFG are unused and are commanded as zero.

If D is non-zero, then the image is JPEG-compressed by the quality factor D that ranges from 1
(lowest quality) to 100 (highest quality.) Quality is computed per the usage of the Independent
JPEG Group’s JPEG software library, version 6b. Quality 75 is said to be "usually nearly
indistinguishable from the source image" in the ITU T.81 JPEG specification [Ref 11]. C is the
color mode used for compression, where 0 is gray scale, 1 is 422 color subsampling mode, and
2 is 444 color mode (no subsampling.) Most broadband color images should use C=1. If C is
zero and D is 0xff, then lossless compression is used.

H specifies the 12-to-8 bit companding table used. 0 is the default, nominally lossless, square-
root table. Tables 1-16 encode the pixels linearly by dividing by N with saturation at 255; Tables
17-32 encode the pixels linearly without saturation (the low-order 8 bits are simply transmitted.)
Oxff selects 16-bit calibration mode, which has restrictions on image dimension, may not be
compressed, and is intended to be used extremely sparingly in flight. Other values are not yet
defined.

Table 4.4-5 Compression Parameter

Representation of Various Compression
Parameters
PICNO
Image Type | A | B D E F H
Type ge Typ C G
A .
Raster 16 bit | /A | n/a | 0 0 |NA|NA|NA| OxFF
Image
B i ,
Raster 8 bit NA | NA | o 0 N/A | N/A | /A companding
Image table
C Losslessly compandin
Compressed 8 Bif N/A | N/A| 0 | OxFF | N/A | N/A | N/A tﬁue 9
Image
D ,
JPEG Gray NA L NVA T o JPE.G N/A | NA | N/A companding
Image quality table
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Representation of Various Compression

Parameters
PICN
bl ImageType | A | B | C D E | F |G H
Type
E .
JPEG 422 Image| N/A | N/A JPEG 1 /A | /A | N/ | GomPanding
quality table
F .
JPEG 444 Image| N/A | N/A JPEG 1 /A | /A | N/ | GomPanding
quality table
G Raster 8 bit | /A | n/A 0 | NA|NA|NA |CcOmPanding
Thumbnail table
H .
JPEG Gra_y N/A | N/A JPE.G N/A | NA | N/A companding
Thumbnail quality table
I .
JPEG 444_f N/A | N/A JPE.G N/A | N/A | /A companding
Thumbnail quality table
" |Raster 8 bit Video| N/A | N/A 0 N/A | N/A | N/A Corqzslr;d'”g
K Losslessly compandin
Compressed 8 Biff N/A | N/A OXFF | N/A | N/A | N/A panding
_ table
Video
L .
JPEG GrayVideo| N/A | N/A JPEG 1 /A | /A | N/ | GomPanding
quality table
M .
JPEG 422 Video | N/A | N/A JPEG 1 /A | /A | N/A | GomPanding
quality table
N .
JPEG 444 Video | N/A | N/A JPEG 1 /A | /A | N/ | GomPanding
quality table
O Raster 8 B_|t N/A | N/A 0 NA | NA | A companding
Thumbnail table
P .
JPEG Gra_y N/A | N/A JPE.G N/A | NA | N/A companding
Thumbnail quality table
Q JPEG 444_f NA | N/A JPE.G NA | NA | N/A companding
Thumbnail quality table
R .
JPEG 444 Focus N/A | N/A JPE.G N/A | NA | N/A companding
Merge Image quality table
S JPEG Gray .
Range Map | N/A | N/A JPEG 1 /A | /A | N/ | GomPanding
| quality table
mage
- :
JPEG 444 Focug N/A | N/A JPE.G N/A | N/A | /A companding
Merge Thumbnail quality table
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Representation of Various Compression
Parameters
PICNO
Type Image Type | A | B | C D E F G H
U JPEG Gray .
Rangemap |NA|NA| 0 | 9PEG | \a | Na | N/ | cOMPanding
Thurmbnail quality table
4.4.5 Image Format Descriptions

4.4.5.1 Raster 16 Bit Image

This type of image is acquired by the MMM instruments only into camera volatile memory
(DRAM) and transmitted to the rover RCE non-volatile memory (NVM) for preparation for
transmission to Earth. The acquisition parameters are defined in the image MMM mini-header.

Products begin with the 64 byte MMM image mini-header and then image data will follow, stored
in row major, column minor order with 12 bit values stored in 16 bit pixels in big-endian form.

4.4.5.2 Raster 8 Bit Image

This type of image is acquired by the MMM instruments through their volatile memory (DRAM)
and into their non-volatile memory (Camera Flash) and transmitted to the rover RCE NVM for
preparation for transmission to Earth. The acquisition parameters are defined in the image
MMM mini-header.

In the instrument, 12 bit sensor values are converted to 8 bits using the companding table code
in compression parameter H and defined in Appendix B: MMM DECompanding Tables.

Products begin with the 64 byte MMM image mini-header and then image data follows, stored in
row major, column minor order with 8 bit pixels.

4.4.5.3 Losslessly Compressed 8 Bit Image

This type of image is acquired by the MMM instruments through their volatile memory (DRAM)
and into NVM and transmitted to the rover RCE NVM for preparation for transmission to Earth.
The acquisition parameters are defined in the image MMM mini-header.

In the instrument, 12 bit sensor values are converted to 8 bits using the companding table
indicated.

Products begin with the 64 byte MMM image mini-header and then image data follows with sync

codes stored in big-endian form. Compressed bits are stored and read from the least to most
significant bit of each byte.
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Image data are organized in segments of 8 line groups that are Huffman compressed.
Decompression can be done using the tables and pseudo-code described in Appendix C:
Huffman Tables. Additionally, the software described in Section 5.3 Software Distribution, can
decompress and arrange this data in Bayer pattern form.

There is one line group for each Bayer filter color channel (R, G1, G2, and B) with each group
preceded by the sync code, 0xffff0000. The sync code is not Huffman compressed. At the end
of each segment, residual codes are padded to the right with zeros. The structure is outlined
below showing the sync code and 8 image lines for each Bayer color filter.

Oxffff0000

G1

This pattern repeats until all lines of the image are compressed. It is a requirement that the
image height is divisible by 8 and therefore this format would be line multiples of 32.

Pixels are stored in row major, column minor order upon decompression. To assemble the
image in sensor space, one line from each color filter group must be interleaved using the
following Bayer filter pattern. This repeats for each corresponding line in a group.

4454 JPEG Images
These types of images are acquired in one of two ways by the MMM instruments:
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1. as raw data from the sensor through the DRAM to the NVM, and transmitted
compressed to the rover RCE NVM with the JPEG compression parameter, or

2. with the JPEG compression parameters through the DRAM and stored in the NVM as
compressed, then to the rover RCE NVM.

The acquisition parameters are defined in the image MMM mini-header, with the command
compression type described in Table 4.4-5.

In the instrument, 12 bit sensor values are converted to 8 bits using the companding table code
in compression parameter H and the table defined in Appendix B: MMM DECompanding
Tables.

Image pixel values are converted to luminance and chrominance values using a 5x5
neighborhood convolution filter which accounts for the pixel position in the Bayer pattern (see
Appendix D: Color Interpolation Kernels).

For the Mastcam spectral filters other than filter 0 (see Table 2.1-2), the unity filter (see
Appendix D: Color Interpolation Kernels) is used and no Bayer color interpolation is performed.

These values are JPEG compressed according to the method described in Appendix E: JPEG
Compression.

Products begin with the 64 byte MMM image mini-header and then JPEG compressed image
data follows.

4.4.5.4.1 JPEG Gray Image
The JPEG compression parameters are set to JPEG Grayscale via parameter C in Table 4.4-5.

Image pixel values are converted to luminance values (see Appendix D: Color Interpolation
Kernels).

4.4.5.4.2 JPEG 422 Image

The JPEG compression parameters are set to JPEG 422 via parameter C in Table 4.4-5.
Chroma sub-sampling follows the JPEG convention.

4.4.5.4.3 JPEG 444 Image

The JPEG compression parameters are set to JPEG 444 via parameter C Table 4.4-5. No
chroma sub-sampling occurs, in accordance with the JPEG convention.

4.45.5 Image Thumbnail
This type of image is generated and then transmitted to the rover RCE.

The acquisition parameters are defined in the image MMM mini-header, with the command
compression type described in Table 4.4-5.

Parameter H is set by the source image companding table.

Products begin with the 64 byte MMM image mini-header and then image data follows, stored in
row major, column minor order with 8 bit pixels.
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4.4.5.5.1 Raster 8 Bit Thumbnail

If the original image is losslessly compressed, it is decompressed and the red Bayer color
channel is extracted. This product is then compressed into an intermediate JPEG grayscale
form with a quality that can be specified systemically (default value is quality 40). The DC
luminance component from each 8x8 block of pixels is then used to form a new image with
1/64™ the number of pixels.

If the original image is Raster 8 Bit, then the product is compressed into an intermediate JPEG
form with a quality that can be specified systemically (default value is quality 40). The DC
luminance component from each 8x8 block of pixels is then used to form a new 1/64™ size
image. Only the luminance channel is sampled.

If the original image is JPEG compressed, it is decompressed and the DC luminance
component from each 8x8 block of pixels is used to form a new 1/64™ size image. This image is
stored in raster form without any compression.

4.4.5.5.2 JPEG Gray Thumbnail

If the original image is losslessly compressed, then it is decompressed and the red Bayer color
channel is extracted. The red channel is then compressed into an intermediate JPEG grayscale
form with a quality that can be specified systemically (default value is quality 40). The DC
luminance component from each 8x8 block of pixels is then used to form a new image with
1/64™ the number of pixels

If the original image is Raster 8 Bits, then it is compressed into an intermediate JPEG form with
quality 40. The DC luminance component from each 8x8 block of pixels are then used to form a
new image with 1/64™ the number of pixels.

If the original image is JPEG grey compressed, then the DC luminance component from each
8x8 block of pixels is used to form a new image with 1/64™ the number of pixels. This image is
then further JPEG grayscale compressed using the parameters defined above and according to
the method described in Appendix E: JPEG Compression.

4.4.5.5.3 JPEG 444 Thumbnail

If the original image is Raster 8 Bits, then it is compressed into an intermediate JPEG form with
a quality that can be specified systemically (default value is quality 40). The DC luminance
component from each 8x8 block of pixels is then used to form a new image with 1/64™ the
number of pixels.

If the original image is JPEG (422 or 444 color sampled) compressed, then the DC luminance
(Y) and chrominance (Cr,Cb) components from each 8x8 block of pixels are used to form a new
image with 1/64™ the number of pixels. This image is then further JPEG 444 compressed using
the parameters defined above and according to the method described in Appendix E: JPEG
Compression.

4.4.5.6 Video
Raw and Lossless video frames are acquired and stored as separate products for each video
frame.

41



Depending on how video frames are commanded, images may be transmitted as individual
JPEG images or groups of images stored sequentially. There may be as many as 16 images in
a group. Groups of JPEG images are called GOPs (Group Of Pictures). For videos with more
than 16 images, video images may span multiple GOPs. The last GOP may contain less than
16 images.

Video images are acquired, processed, and compressed identically to images as in Section
4.45.4 JPEG Images. The JPEG images are stand-alone in that they can be decoded without
any reference data and contain full JPEG headers and markers. For GOPs, the start of the next
JPEG follows the end of the previous JPEG.

4.4.5.6.1 Raster 8 Bit Video Images
Raster video images are stored in the same fashion as single raster 8 bit images.

4.4.5.6.2 Losslessly Compressed 8 Bit Video Images

Losslessly compressed 8 bit video images are stored in the same fashion as 8 bit single
images.

4.4.5.6.3 JPEG Gray Video

JPEG grayscale products contain a single mini-header, which is then followed by one or more
JPEG grayscale images.

4.4.5.6.4 JPEG 422 Video

JPEG 422 products contain a single mini-header, which is then followed by one or more JPEG
color 422 images.

4.4.5.6.5 JPEG 444 Video

JPEG 444 products contain a single mini-header, which is then followed by one or more JPEG
color 444 images.

4.4.5.7 Video Thumbnails
Thumbnail generation is equivalent to the methods used for single image thumbnails as in
Section 4.4.5.5 Image Thumbnail.

4.4.5.7.1 Raster 8 Bit Video Thumbnail

This product is created identically to the Raster 8 Bit Thumbnail. One thumbnail can be created
for each Raster 8 Bit Video Image.

4.4.5.7.2 JPEG Gray Video Thumbnail

This product is created identically to the JPEG Gray Thumbnail.

For GOP video products, only the first JPEG in the group is used to create a thumbnail. Thus
each GOP is represented by a single thumbnail (i.e., the other images in the GOP do not have
thumbnails).

4.4.5.7.3 JPEG 444 Video Thumbnail
This product is created identically to the JPEG 444 Thumbnail.
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For GOP video products, only the first JPEG in the group is used to create a thumbnail. Thus

each GOP is represented by a single thumbnail (i.e., the other images in the GOP do not have
thumbnails).

4.4.5.8 ZStack
This type of image is generated and then transmitted to the rover RCE.

The acquisition parameters are defined in the image MMM mini-header, with the command
compression type described in Table 4.4-5.

Products begin with the 64 byte MMM image mini-header and then JPEG compressed image
data will follows.

4.4.5.8.1 JPEG 444 Focus Merge Image
Parameter C is always 2, as only JPEG 444 compression is used for focus merges.

4.4.5.8.2 JPEG Gray Range Map Image

Compression parameter C is always 0, as only JPEG grayscale compression is supported for
range maps.

The data values range from 0 to 255. These values are assigned on the basis of commanded
stack depth. Table 4.4-6 shows the relationship between image commanded to participate in a
focus merge and its corresponding grayscale data value (DN value) in a Range Map. Values
between those in Table 4.4-6 are derived by linear interpolation during the focus merge process.

Table 4.4-6

Relation between commanded image participant in focus merge and Range Map
data value (DN)

Camage | DN for 8- | DN for 7- | DN for 6- | DN for 5- | DN for 4- | DN for 3- | DN for 2-
ed to be image image image image image image image
Merged merge merge merge merge merge merge merge

1st 255 255 255 255 255 255 255
2nd 223 218 212 205 191 170 127
3rd 191 182 170 153 127 85 —
4th 159 145 127 102 63 — —
5th 127 109 85 51 — _ —
6th 95 72 42 — _ _ _
7th 63 36 — — _ — _
8th 31 — — — _ — _

The purpose of Table 4.4-6 is to provide the user with a means to relate the data values (0 to
255) in a Range Map product with the images that were commanded to be merged onboard the
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MAHLI to produce that product. Take, for example, MAHLI image
0046MH0000120000100170S00. This is a Range Map product produced onboard the MAHLI
on Sol 46. The RATIONALE_DESC describes this image as follows:

Rock - Jake_Matijevic 1 - stereo 1 - APXS standard documentation - working distance near 7
cm - stack acquired Sol 46 with MSL CAMERA_PRODUCT _IDs 133-140 - range map product

The RATIONALE_DESC tells the data user that image 0046MH0000120000100170S00 is the
result of a command to merge eight images that were acquired on Sol 46 and have
MSL:CAMERA_PRODUCT _IDs in the range 133 through 140. Table 4.4-7 shows the relation
between these images and the data values in the Range Map:

Table 4.4-7

Eight Inages Commanded to be Merged on Sol 46 to Produce Range Map
0046MH0000120000100170S00

Data Value
Ac:&'re d MSL:CAMERA_PRODUCT_ID Thumbnail Filename fror(nD;“;ble
4.4-5
46 133 0046MH0000100030100133101 255
46 134 0046MH0000100030100134101 223
46 135 0046MH0000100030100135101 191
46 136 0046MH0000100030100136101 159
46 137 0046MH0000100030100137101 127
46 138 0046MH0000100030100138101 95
46 139 0046MH0000100030100139101 63
46 140 0046MH0000100030100140101 31

Once the relation between Range Map pixel data value (DN) and the 2 to 8 images commanded
to be merged (in the example in Table 4.4-7, it was 8 images) is established, the user can relate
these to lens focus mechanism motor count, INSTRUMENT FOCUS POSITION_CNT.
Continuing with the example from MAHLI on produced on Sol 46, Table 4.4-8 shows the relation
to INSTRUMENT_FOCUS_POSITION_CNT. Further, examination of the DN histogram of the
Range Map image (Figure 4.4-1) tells the user exactly which of the images commanded to be
merged were actually merged; those not merged were considered by the onboard focus merge
software to be completely out of focus.

Table 4.4-8 and Figure 4.4-1 indicate that, for MAHLI range map product,
0046MH0000120000100170S0, only four of the eight images commanded to be merged were
found to have picture elements in focus. For DN values of 95, 127, 159, or 191, the
corresponding INSTRUMENT_FOCUS_POSITION_CNT is exactly as stated here. The
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histogram showed no DN values < 95 or > 191. All DN values in the intervals between 95, 127,
159, and 191 were linearly interpolated by the onboard focus merge software and their
corresponding INSTRUMENT_FOCUS_POSITION_CNT positions can, likewise, be determined

by linear interpolation.

Table 4.4-8

Relation of MAHLI Sol 46 Range Map Product (0046MH0000120000100170S00) to Focus Motor
Count (INSTRUMENT_FOCUS_POSITION_CNT) and Identification of Which Images were Actually

Merged.
Data Value
(DN) Image
Thumbnail Filename from Table | INSTRUMENT_FOCUS_ ﬁl‘"t”a"y
erged?
from Table 4.